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1 {cctiwd ; Accc])t  cd

Al)st,~il~t.
A  ]mri  iclc il,jw~iol,  Ittodc]  IIas IKWI a])]dicd  t o  tlIc  radio  ou-
l)\ IIsts of t,]Ic  X-lay  l,il,ii,  ,y (~ircil)us X-1 . ‘J’l  Ie ladio olltlIllrst,s

of llIis syskIII lmvc  Iwc]) ofknl obscrvd to Cxllil)it  a  douldc
]K2Jw{I stcurturc, i.e., \\>it]l tW’(J a]) I) NCllt COll SCCLlti\’C IIlaxilll?l

}4)( slIo}\,  ]I(,rc  tlliit,  ]mr(iclc illjcc(ioll  ]Ildcls cal  I ac(oulll  fol
su(.1  I olMoIvcd  I)c}lavioor  ])rovid(d  t,f Iat a  lilac varial )Ic ]mr(,i-
(1( il!jcc[iol)  rate is WIO]I(CCI.  ScvcId  ~jossildc  time clcIwIIdcIIccs
ill’C’  assllllld and tlIc collcs]lc)ll(lilig  ]ndidcd  radio liglll  c[ll~,cs
col Il]md witfl  ]nulti-fl  cquculcy  olwm,aticnls collcckd  fmlrl tf)c
litcliitllll.

—

K(:y  words: Stal’s: i n d i v i d u a l :  Cir X-1 stars:  radio I adiatic~ll
o f  X - 1 a y s :  I)it,alics

1. Illtl{](lllcti(jll

(lil X- 1 is  tlIc only  X-ray  l~illal~~ v.ri~ll ],clioclic  r a d i o  cIllissiO1)

kIIO\VII  it] tlIc SOIItfIWII  IIcmis])llem. 1( was  fil’st drtc!dcd  a s
,111 X-ri,y Solllcc I)y MillgO1l  Ct  a l ,  (  1971) hlld  obscmatio~js  of
ly]w 1  X-1’il~ l)ulsts  l~y ‘lklnmlt et a l .  (1986)  cstal)lisllcd  tflat
tlIc  coIIIImci  ol,jcct i s  ?i IICIIhOII  staI . ]’cliodic  c)ccurwltccs o f
al)lll])t Cllilllg(’S  ill tlIc X-lay ligl)[, colvcs accoln])allicd l)J’ 1 adio
fla] cs SCCIII  10 itrl])ly  aII cccetltric  I)it my systma  witlI aII od)i( a l
])cli(,(l  of 1[;.6 (I (I<aluy,icl,ski  C( al. 1976;  Wllcl:LII C{ al. 1 9 7 7 ) ,
‘1’11(  o])tical  (C)[llIl(lJ):tlt  of  Ci] X - 1  i s  a  fail,t lwl star (IIfol,cti
] ~)!)?) Iocat  {cl ill a lligl}ly ol>sc,ucccl  lcgiol I at a [Iist,allcc  of  al>oIIt
1 [) 1{])( il.  dctcl]llilld flo]ll 11 1 IIlcasolclllcllts ({;0ss &, Mcl,o]d
1977).
‘I’l  Ir ra(lio  i]]k]]si(y  o f  tlIc ]mimlic flaws IIas dq)]wd sil Icc

11 1 ,vitf,  cJIallgcs  of  tf,c X-ray ligl,t c u r v e s ,llIe 1 9 8 0 ’ s ,  it! ])ara c

orl)it al ])r(cessio]]  c)f t II(: biIIa I,y syst (,111, as first suggcsl d l)y

Mur(]il, ct al. ( 1 9 8 0 ) ,  COUI[l cx},kiil,  tl]is I.)cliaviollr.  A 843-N!]  Iz,
]I[a])  I)y llayllcs d a l .  ( 1  986)  rcwals  tllc ])IYWIICC of  a  I  adio
syJi(llrot  ml) ]Iclnlla  suuootdillg Cir X - 1 ,  Jmssildy  as a colIsc-
qll($llcc o f  a(x’lllllll]at(!d CllCI’g(’ti C C’]CC(l’OIIS  CjCCt[d dllliftg ~}lc

1 adio oll~})llrsts.  1“1”0111  V],}]]  olwnalim]s  o f  tlIc  Cir X- 1 ladio
SOIIICC  dLIIiIIg a ]Iiajor flaw, llICSt OII et al. (1  983)  cstilnatc t IIC
lll(alI Cx]mllsiol)  vcloci[y of tllc flaring collll)olIclI(  to I)C < 0 , 1
(’ illl(] aII aIIg IIlaI siw of fcw  ]]]i]]ial’cscco] lc]s. ‘J ‘Ilc ]K)ssil)l(’  ])rcs-
ctlcr of cxk])dcd  radio jds IIas Iwc]l  rq~ortcd by  Stew’arL C( al.
(1 993),

(h 91109, lJSA

‘J’}Ic ])clio(lic radio fialcs arc tlloogllt  to 1)( (Ilc  [Ollsrqu(  II((
of c[ll]al)ccd  acc]ctio]l  0]1(0 tllc [o]ll]mc~  SLill’ Ilcal’ tllc ti]t)e  o f
])(liaS~I WI  ]) WSag(’ (]]?l~llCS (t a]. ]g80). ‘] ’] ICS(’ ?Lll~klO1’S  illfCI’-

])1 ct,(d  L]IC flalil)g radio l) ClliiViOlll of {;ir  X-1 a< a l’cslllt  of cx-
])all(lillg  ]Illl]illosit,y-cllii,fll  sl]ocks  doc t o  a IlliIss tIalIsfcl  clIto

tlIc  col IIl)act coll)l)aIlioll ill excess o f  (Ile l’kkli]l~lo]i  accwl ion
l’ilt c, 1 )if[clclll radio flaril lg cvcl  Its,  socl  I as t lIosc  Ol)scl. vcd I)y
WI Idar I d al.  ( 1 9 7 7 )  and IIayllcs  et al .  (1 978),  lIavc  uwally
clisl)layecl  wlIat  SCCIIIS t o  lIC a  doulde-]wakcd  stmctuw, ‘1’IIc
])lcscIIcc  c)f t,v,ro  ])caks  ill tflc s]la])c  o f  tlIc radio ]ig}ll  CUIVC ]Ias
IJ(TII olmclvcd as \vell ill tlIc  silllilal raclio  ])c]iodic X-lay I,illaly
systcIIi  1 ,S]+  (;1  03 0 3  (’1’aylor et al. 1 992;  l{ay  C( al. 1 996).

III (l\is  ],al>cr \vc a],],ly  a J,alticlc illjcctiorl  lIIod(l, \vitl)  diOclclIt
til[lc-cl(l)el~clcr[t  lEII [iclc  itljcctioll  r a t e s ,  irl ode], (0 w]woclucc
Ollc of  tllc cloul)lc  ])cakc[l  Cir X-1 rdio outl)ursts  tllilt w’a~ cx-
tc[)sivc]y  olwnw] lIy IIayl]cs  ct al,  ( 1 9 7 8 ) .  ‘J’lIc lacc}lanisln o f
JmlLicl[  illjcctioll  ]Ias l,ccl I ])wl,iollsly  a])])licd  to Otl](l  X-ray
I)illalics  Sllcll il<  1 ,S1-1 (i] 03 0 3  (} ’aldCS ([ al, 1 9 9 1 ) ,  ~;~g X-3
(l)ctccso[~  1 9 7 3 ;  Ma, L( ct al. 1992)  ald S S 4 3 3  (NfacLi 19!)3).
Altflou~,tll  it C1OCS IIOt I’CJ)ICSCII1  a  full  UIIdCI stallditig o f  tllc
origitl  o f  radio c)utl~utsts,  il d o t s  SCCII) to l)c adcc]oatc to IN{)-
vidc a fiwt ilitcll)le(atioll  a s  \vcll a s  t o  collst.rail]  tlIc  J)llysical
])illillll  Ct(>lS  t o  I)c  I)sd ill futllw lIIolc so])llisti(atcd Illodcls,

2. ‘I’])(! I1l{KIC1

Otlt  tiiodcl  i s  arI ada]ld vcu siol) c)f tflc OIIC dcvdo]xd ill l’aIG
dcs  ct a], ( 1 9 9 1 )  fol 1,S1+ 0 1 0 3 0 3 ,  ”  \\,i(}l tile lt]aitl  [Iifl(l(liccs
})eiljg tll( ass~llll],tiol]  lIcl c  o f  sl)l)clical grol IIct Iy  ali(l,  tIIOIe

1 1  ]~ill’ticlc itlj[c(io])  lat(.illl])(lllilllt,  a  til]lc varia I c

Wc  aSSLIIIIC  that a ladio outl)IIIsL  IIIay l)c lIIodcllcd  as  t,l Ic cjw-
tio]l  of all  ex]mlldit)g  s])l]ctical  CIOU(l (l)lasIIIc)II),  o f  radi(]s r,
COlltililkillg  it lll~iforlll  dis(lil>ll(iol]  of  syilclllcJtl<)]  l-cll~i(til]g rel-
ativistic  Clcc[l’ol]s illl(l  I[lagllctic f i e l d s ,  followit]g  it (,lallsitoly
Sul)cl [Iiti(t,l accl(,ticjll  C’VCI1(  Ollt, [] t}lc Colll])a(t st, al.. 1’}TS1l  C(,l -

atil,isti(  clcc(Iol Is aw colllil]llously  il]jcdcd  illlo tll(,  ])lasIII orI,
. .\Y]IICII is III adlal)atlc cx})alls]ol)  at a  collstaftt  Vcloclt.y t~cx,,. 111

ilIc (ourw of  t}lc cx]mlsioll  t}w clmholIs  NC so})jcckd to acli-
almtic aIId syIId IIohoII cII(Igy l o sses ,  ‘1’IIc  ltla~tjctic  f i e l d  Jms
al, ilV(liLgC  \fal{lc }1 that v,,c dctcrltlillc assllltlil,g  IIlagt,ctic f l u x
co]lsclvatiojl  (IJ cx r- 2),

‘J’l Ic f lex dcllsity  for cad] frcqucllcy  cal  I lm cxl)Icsscd a s :
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II]itial  mdios (cnl) 2.2 x 10’:’
II)itii,l  l,,ag,,c(ic f ield ([;) 8.4

l’;x})illlsioll v e l o c i t y  (clII s-  1 ) 6.3 X 108
1 ‘ovm law  il)dcx 1.4
lllitial il]jcc(iol]  (May 1977) 11.9
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Fig. 2 .  Accwtioll  ctIivc  \,ia stellar  wind o f  [:ir X-] usi!lg tllc  best
fit ~mlal))ctcls  al)d ccccl]tlicity ( , 0.8, as a furlctio]]  of al]  nrl,itrar},
oll)iial  [I IIasc.  ‘I’l  Ic vcrticalstxis  is irl  ul]itsof  t}]c  l’kldi]]gto]]  accrc~ioll
li,  tii(  (il,dicatcd  l)y  tlic  daslIcd  li,,c).

3 .2 .  A] I] IIzc(Itiort oj tllc  ronst[trtt  yICi  IIZClC  irljcc/ior/

III this case wc (o]lsidci tllc cjec~io]l  of LI;fo IjlasIIIol  Is sclwatcd
I)y a (i]tic  il]tc]val of 011(, day.  ‘J’lIc coJll]Illtd  ra(lio light CLII\J(S
tiifi(, irlt  o a(col]]lt  tllc  ovc]la])])ilig  o f  l)otfI  ]]la<]llo]]s.  N o  sl)c-
cific ~[lccllal]islil  of  accw(ioll o])to  tlIc coIII]mcL  staI is assll]rjcd
lIcfe,  s o  \vc ]I]l]st  add tIIc illjcc~io]]  ]atc alId  tlIc illjcc(io]l tilllc
illtc[\ral (o tflc  set  of  ]MtIaIIIctcIs  to I)c f i t t e d .  A s  Iwfwc, tl~c
],lol)lcl,,  i s  1,o1 V,re]l  Col,stlail]t al,d diflcwi]t  s(l o f  ]mlaltlc~cls
call  give cquivalc]lt good  fits.
A  ]c]J]  csclltative SC( of  valIIcs  ol)tai]]cd fo] tlI{  ])llysi(al lMi-
l’alllctcl  h of  tllc flt ill~ l i s t e d  it] ‘I’al>l C 2, iilld  l“iguw 3 dw\vs
(lie ladio light culifcs co]]ll~lltcd  togct}]m’  wit}) tIlc da[a SlO]II
IIayllcs  Ct al. (1978).
‘I’l Ic Sllil])(’,  ])cak  flIlx dct]sity  arid  t i m e  dday o f  (}1( ]xaks  d
t  IIc tIIlcc hig}w]  fr{qllcl  ]cics alc agait I accc]  )t ill )Iy Ivcll ](])]w
dll(d, altll(lllgl) tllc Olltl)lll’st.  Zit 1 . 4  (;117, i s  0111S l’CaS[)llill)l~

1 (’j 11’odoc(d at t } Ic CIld.

‘1’IIc total  ]Ilaw ofrclativis~ic irljcctcd ]m]ticlcs,  gi)(lt l~y A~,  <lff,
alllollllts to 2.2 x lo-1~ Mc, dlltir,g  (I,c  itljcc[io], ]Jmccw.
‘1’llc Ics\lltallt valll(s  listml ill ‘J’al)lc 2  sllo\\r tllilt tllc ])l[ysical
]mralIIclclh  zlw si]l]i]ar  l)ct,\\,ccII I)ot]l  ])laslno]is,  ‘I’l  Ic ti]il( il]-
iCIt’itl o f  t}Ic illju[io]l ]I1oc(w  is al)cmt  13 lIoLlrh lol Igc]  fo] 111(
SCCOIId I)]aSIIIOII  tlIaII  fo]  t}lc  ficst  oIIc,

1’;IIJI(; 2 .  l’}l~SiCill  })a~altl(l(l  h fol Co]lstallt  ])al(  i(lc illj(cti(,])

l],itial ]adius (CIII) 1 .5X 10 ]3 1.4 x 10]3
l,,i{ ial lll?l~ll(’ti( field (C+) 2.3 2.0

l’;x},al(sic)ll  v e l o c i t y  (CIII  s-  1 ] 8.S X 108 7.2  X  108

1 ‘mvct  law  illdcx 1.5 1 .[1
II]j((h)l, late (M(., (1- ] ) 7.1 x 10-14 G.(i X 10-14
i,,jcctim, ti,r,c il]tcl,ral ( d ) 1.35 1.9
IIiitial il,jcctioll (h4i1y 1 9 7 7 ) 1’2.15 13.1:)
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Fig. 3. l)zLta  fro])) nay  IIcs C( al. (1978)  of tlIc 12-15 May 1977 radio
{1(1( 1)111S(  (’()]  ll])tl](d  Wit]l  tll(?  ldC]i  O ]ig]lt  CUIVCS  CO1[l])llt  C’d  {1,0111  0111,

II I(IIICI  Collsi<lciillg  ilIc caw  c)f coIIstaIIt  lml(iclc  irljcrtiol)  late.

3 . 3 .  CO  IIIIIa  Ii.SOII  k Iwc<91  lmlh  CCISCS  of parlidc iltjccliort

A s  it call  Iw SCCII  fcolll  l(’igs. 1 WICI  3, bdi tyIws of iIIjcct  iml fit
{I CC(, ])( itl)l.v  W,CI1 tll(’ ditt  a. ‘J’l  Ic dolll)lc  ])cakwl  slIa]Jc  of tlIc ladio

h Ily Iqwoduccd  ill tf)c  caw of011( 1)111’s( 1s II OWCV(T  IIlolc IIlal .(x

lww ]IIW-IIIOIIS  will] coIIshIt. illjcctiml, wllitc tfIc Ic is a  I)clkv

Rlolml fit WIICII usir)s a silll]dc ])lasII)oII wit]] tlIc tinlc \,aciablc

i])j(,c(io]l law c)f lkl. 4 .

‘1’IIC  \’i}ltlCS  o f  (IW ]Jrjsical  ]Hlalllckls  w])icl)  dosclil)c  tlI( cw
])illlclillg  ],laslllOII  alc  sittlila],  ill  1)0(11  CasCs, .w wc CaII  i]]fcr  LII,at,

tfIc  ]J)ysical fca(uccs  of tlIc  cll)i(til]g  ccgioll  do lIo( sip,llificall(ly
dcImId  0 1 1  tlIc it]jcc(ioll ]Imwss  ccnlsidcwd. ‘1’IIc lnaill diflm-
clIcc  a r i s e s  fcoll) tlIc total m a s s  o f  wlativislic  elcctmlIs llcc-
(,bsaI y (c, aC((IIIIIl  fo] (IIC radio  c]riissiolr  olxciv  cd, wllicll  fo]

(’Oil  St. illl(.  ii]jcc(  io]l  i s  a factor  1 ( )  a])ovc  tfIc  olIc  cmlsiducd  itl
(asc of val ial)lc illjccLioll. } lcmmw, tf)is fact CaII  Iw uIIdccbtcmd
fcolil (IIC l,igl,cr  val IIr of tlIe IIlaglmtic fkld WlICII  \vc coljsidcl
vali:il~lc. il]j(((iol), wl[icll  coIII])cIIsatcs  t}Ic IOWCI valtIc  of  tlIc
lllil<S  of lclil(ilfistic  Clcc(l’cllls  illjcckd.

4. Collclllsio]ls

\4}c  lIavc  cx(cIIclcd  (lIc  a])])lica(ioll  o f  ]mtic]c  il]jcc(iol,  ltlocl-
(ls to (~il. X- 1 iii ode] (0 J,c}II.ocl  LIcc tl]c silnllltallcolls follr-
fccq(lcll(y radio lig}it cut  v c s  o f  (Ilc IWS( olmI\wl  stIo]Ig  radio
(Nltl)lll’si  of t] ]is Soul’cc, as l’q)ol’lcd  by }layllcs c1, d, (1 978),
Ill,lil{c  ]IIOS(,  ],lcvio[ls  a])],licat,iol,s  o f  ],alLiclc  itljcc(iol] lnocl-
cls (0 O(IICI X-Iay  I)iliar.y s y s t e m s ,  tlic OIEWIWC1 data for Cir
X-1 aw IIOt colwiskvl(  with (lIC tilllc ald slwchal  evolutiml
cxl)ccl(,(l  flol]l  a  sillglc  Cxjmlldillg  ])lasIIIor  I wi(l)  col Is(al  It ilk
j(c(ioll  I’il(C, ‘J’llcl’cfolc,  \vc find  it llwcssal’y to cmlsidcr  a  11011-
{’OIIStilllt  itljcc(ioli  late. ]1] ]M1l’(i(’ll]al’,  ~]1(’  d]tl~)(’  Of tf]C ]]aJ’JICS
c1 /il. (1 978)  radio  Oll(hll’st  call  k accoullk’d  fOJ’ I)y assolll -

Ack~LotIIc.c/g~t,~f,~I.~,  WC (lIaIIk  J .  MaI(I’  fol valual~]c  disc(,ssiol,s
a,,d 1).] , .  JOI,CS for ]d])fu] cor[l,,,c,,t s. Jh4 }’ Wk[lOM’k’d~(S  ])?ll-

tial SUI,IKII  [ I)Y l)(; ICS”l’  (1’1194-w[M).  A  ])ortiml o f  tlw w
}“””Seal’c 1 drs[lllw(l  111 tl]ls ])a]) cl. \\, as ],clfolirlcd wl)ilc  J(+S  }Icl,l at

(II{ Jd l’lo])ulsioll  1 ,almIatoIJf,  (Miforrlia Ills(it (It c of  ‘J kcll  IIo-
ogy,  OIId CI COIIt IMI  with tlIc Natiolml  Acwlmutics  ald SIIacc
Aclr[(illis(rittic]rl.
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